ABSTRACT: Monolayer transition metal dichalcogenides are novel, gapped two-dimensional materials with unique electrical and optical properties. Toward device applications, we consider MoS2 layers on dielectrics, in particular in this work, the effect of vacancies on the electronic structure. In density-functional based simulations, we consider the effects of near-interface O vacancies in the oxide slab, and Mo or S vacancies in the MoS2 layer. Band structures and atomprojected densities of states for each system and with differing oxide terminations were calculated, as well as those for the defect-free MoS2-dielectrics system and for isolated dielectric layers for reference. Among our results, we find that with O vacancies, both the Hf-terminated HfO2-MoS2 system, and the O-terminated and H-passivated Al2O3-MoS2 systems appear metallic 2 due to doping of the oxide slab followed by electron transfer into the MoS2, in manner analogous to modulation doping. The n-type doping of monolayer MoS2 by high-k oxides with oxygen vacancies then is experimentally demonstrated by electrically and spectroscopically characterizing back-gated monolayer MoS2 field effect transistors encapsulated by oxygen deficient alumina and hafnia.
INTRODUCTION
The unique electrical and optical properties of monolayer (ML) transition metal dichalcogenides (TMDs) [1, 2] have spurred intense research interest towards development of nanoelectronic devices utilizing these novel materials [3] [4] [5] [6] [7] [8] [9] [10] . The atomically thin form of ML TMDs translates to excellent electrostatic gate control even at nanoscale channel length dimensions [11] [12] [13] . However, the two dimensional (2D) nature of ML TMDs makes their properties susceptible to the surrounding environment, as evidenced by the mobility enhancement of ML MoS2 when placed on a high-k dielectric such as hafnia (HfO2) [4] . This mobility improvement in 2D materials was attributed to the damping of Columbic impurity scattering by high-k dielectrics [14] . Theoretical calculations of HfO2 interfaces have indicated that band offsets can be altered chemically by utilizing different interface terminations [15] . The conductive characteristics of MoS2 deposited on SiO2 have been shown to be dependent on the interface structure [16] . Controllable n-type doping of graphene transistors with extended air stability have been demonstrated by using self-encapsulated doping layers of titanium sub-oxide (TiOx) thin films [17] . These results puts into stark focus the need to consider the effect of surrounding materials and the interfaces with them on the characteristics of ML TMDs.
In an earlier preliminary study [18] , we considered MoS2 on O-and Hf (Al)-terminated HfO2 (Al2O3) via density functional theory (DFT). Those results suggest that O-terminated and H-passivated HfO2 and Al2O3 exhibit potential as good substrates or gate insulators for ML MoS2, with a straddling gap (Type 1) band structure for the composite system devoid of any defect states within the band gap of the MoS2. However, ML MoS2 on Hf-terminated HfO2 shows a staggered gap alignment (Type 2), such that holes would be localized in the oxide rather than the MoS2 layer. But in the case of ML MoS2 on Al-terminated Al2O3 slab, we found that there is a straddling gap (Type 1) alignment to again provide localization of holes to the MoS2 layer, although with some spill over into the nearby surface O states. We also considered O vacancies for MoS2 on O terminated slabs of HfO2 and Al2O3, observing significant doping in the latter. However, we did not include the van der Waal's interactions between the MoS2 and oxide as we do in this work, tease out doping mechanism, consider the remaining combinations of oxide terminations, consider vacancies in the MoS2, nor provide any experimental results. 
METHODS

Computational Details
The DFT calculations were performed using the projector-augmented wave method with a plane-wave basis set as implemented in the Vienna ab initio simulation package (VASP) [19, 20] .
We chose a kinetic energy cutoff of 400 eV. The k-mesh grid of 7x7x1 for the sampling of the first Brillouin zone of the supercell was selected according to Monkhorst-Pack type meshes with the origin being at the Γ point for all calculations except the band structure calculation. The local density approximation (LDA) [21] was employed primarily for the exchange-correlation potential as LDA has been shown to reproduce the apparent experimental band gap (Eg =1.8 eV)
[1] of ML MoS2 well [22, 23] . The calculated lattice constant for the MoS2 layer after volume relaxation, a = 3.122 Å, is also a good match to the experimental value [24] . We have also rechecked some of the DFT results using the generalized gradient approximation (GGA) [25] . We note, however, that both the LDA and the GGA underestimate the band gap of at least the bulk HfO2 and Al2O3, which makes the prediction of band offsets from theoretical calculations unreliable. With approximately 150 atoms per supercell, use of presumably more accurate hybrid functionals or GW methods for atomistic relaxations was not practical. However, we have utilized hybrid functionals, namely HSE06 [26] , to perform band structure calculations using the relaxed structures from our GGA simulations to further check our key conclusions. However, the primary objective of this theoretical work is to explore possible pathways to insulating and doping MoS2 MLs qualitatively toward device applications, ultimately for experimental followup for promising cases. Similarly, we did not include spin orbit coupling here, which causes substantial spin splitting in the valence band, for similar reason. However, only conduction band doping is observed in our results, mitigating the impact of this latter approximation. Van der Waal's forces also were simulated due to the absence of covalent bonding between the TMD and the oxides [27] . In our computations, we have adopted the DFT-D2 scheme to model the nonlocal dispersive forces wherein a semi-empirical correction is added to the conventional KohnSham DFT theory [28] .
The two representative dielectrics, HfO2 and Al2O3, were chosen for high-k value and minimal lattice mismatch, respectively. The MoS2 ML of principle interest, with its hexagonal lattice, was taken to be unstrained with its above-noted volume-relaxed lattice constant of a = 3.122 Å. For the dielectric oxide, the energetically stable crystalline phases of bulk HfO2 and Al2O3 at ambient conditions, namely, monoclinic HfO2 [29] and hexagonal Al2O3 [30] , respectively, were utilized. Our simulations were performed by constructing a supercell of ML MoS2 on an approximately 2 nm thick oxide slab. For HfO2, atomic relaxation was performed within a rectangular supercell (a = 9.366 Å, b = 5.407 Å) chosen to reduce the lattice mismatch between ML MoS2 and monoclinic HfO2. However, a roughly 6% strain remains along the inplane directions in the HfO2 (Figure 1(a) ). For Al2O3, atomic relaxation was performed in a (rotated) hexagonal supercell (a = 8.260 Å) with a strain of only about 0.2% (Figure 1(b) ). The systems were relaxed until the Hellmann-Feynman forces on the atoms were less than 0.02 eV/Å. During relaxation, all the MoS2 ML atoms and the top half of the layers of the dielectric oxide were allowed to move in all three spatial dimensions. Oxygen vacancies were modeled by removing a single O atom from an O-layer of the supercell. Since we have periodic supercells, the O vacancy is repeated in each instance of the supercell. The system is then allowed to relax again with the introduced O-vacancy. A similar procedure was followed in the modeling of Mo and S vacancies in the MoS2-HfO2 system. In the latter case, the S atom vacancy was introduced in the layer adjacent to the oxide surface. All simulations were performed at a temperature of 0 K. An in-depth look at the experimental details and device fabrication procedures can be found in the work by Rai et al. [31, 32] . The stoichiometry of the as-deposited high-k oxide was determined using x-ray photoelectron spectroscopy (XPS).
Experiment
RESULTS AND DISCUSSION
The band structure and atom-projected density of states (AP-DOS) have been calculated for the ML MoS2-oxide system considering different possible terminations of the oxide at the interface in the presence of O vacancies in the oxide or Mo and S vacancies in the MoS2. We compared (overlaid) the band structures for the MoS2-oxide systems with vacancies to the ideal MoS2-oxide results. In all cases, the highest occupied state of the system with vacancies serves as the zero energy reference in these 0 K simulations. However, the reference band structures absent vacancies are shifted up or down to provide a rough fit to the former in terms of band structure and the atom projected densities of states (AP-DOS) of the Mo and S atoms.
(Otherwise, the zero energy reference for the latter would be the valence band edge.)
Monolayer MoS2 on HfO2 slab with O vacancy
When an O vacancy is introduced into the top layer of the O-terminated and H-passivated HfO2 slab, in these 0 K simulations, an occupied defect state (band) is introduced within the band gap of ML MoS2 (Figure 2(a) ), which is associated primarily with Hf atoms in the oxide. Analogous Hf-associated defect states also arise in an isolated O-terminated and H-passivated HfO2 slab (Figure 3 (a) and (b)). In this latter case (and for analogous cases below) we simply removed the MoS2 layer from the combined system, while otherwise holding the crystal structure fixed as a control. However, the close proximity of the occupied defect band to the conduction band (of the reference band structure) suggests that these states might be able to act as donors.
As can be seen from the AP-DOS (Figure 2 For Al-terminated Al2O3-MoS2 system, the system retains a straddling gap alignment after the introduction of an O vacancy in the oxide layer. However, an occupied state (band) deep in the band gap of the MoS2 is produced (Figure 9(a) ), which is localized to the Al and O atoms in the oxide layer (Figure 9(b) ). Such defect states could serve as recombination centers or charge traps. In addition, however, a direct band gap is found at these doping concentrations, in contrast to the Al-terminated Al2O3-MoS2 system without an O vacancy.
Mo and S vacancies in MoS2
We introduced a single Mo or S atom vacancy in the supercell of the MoS2 on O-terminated and H-passivated HfO2 system, with the S atom vacancy introduced in the layer adjacent to the oxide surface. The corresponding vacancy density is 1.97×10 14 /cm 2 in either case. The resultant band structure and AP-DOS are plotted in Figure 10 and Figure 11 for MoS2-HfO2 systems with
Mo and S vacancies, respectively. In both cases, a straddling gap alignment is retained, but defect states are introduced into the band gap of the MoS2 that are localized to the MoS2 layer edge is difficult to define (Figure 10(a) ). In the case of S vacancies in the MoS2 ML, there are two unoccupied defect states (bands) introduced near mid gap, as well as significant distortion of the valence band edge structure at these vacancy concentrations (Figure 11(a) ). 
